The hypothesis that the observed fluid annulus outside the wall of some capillaries is the reservoir of plasma responsible for ratios of organ hematocrit to large vessel hematocrit less than 1 is examined hydrodynamically. The extent to which the hematocrits can be reconciled on the basis of flow through a single capillary is examined. Results show that ratios between 0.5 and 1.0 can be accounted for even if plasma and cells travel the same distance through a common capillary without a plasma annulus. But with the annulus, ratios as low as 0.27 can be explained (ratios as low as 0.35 have been measured), and the corresponding capillary pressure gradients agree better with those cited elsewhere. The ratio of organ hematocrit to large vessel hematocrit for the heart, lungs, brain, gut, and carcass can be explained on a single capillary basis with or without pericapillary plasma, but that for the liver and kidney requires the plasma annulus.
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• In 1926, Heimberger (1) observed that intradermal gas produced electrolytically (with a fine needle) forms a large gas bubble in the surrounding tissue. But if the needle is brought close to a capillary wall, an enormous number of very small bubbles form a veil all around and along the capillary. From the veil, branches sometimes go to other capillaries or end somewhere within the tissue. He noted that the shape of the capillary is unaffected by the bubbles. From this experiment, he suggested that a pericapillary lymph space, annulus, or sleeve exists all along and all around a capillary.
Further anatomical evidence of pericapillary space has been obtained photomicrographically in the human nailfold in vivo by Bosley (2) and his associates. Accepted for publication October 20, 1967. The Heimberger concept of the pericapillary lymph space was drastically modified by Sapirstein (3) in 1958 to account for organ hematocrits that are much lower than the large blood vessel hematocrits. In the rat, he found excess plasma in every organ and concluded that wherever a vascular bed exists there is excess plasma. Sapirstein argued that the annular space around capillaries observed by Heimberger does not contain lymph at all, but rather plasma, and inferred the existence of such capillaries in other organs. He postulated that the capillary endothelium is confining for red cells only, the plasma outside the endothelium being quite accessible to macromolecules. He thus suggests that the real barrier across which Starling's hypothesis is made manifest is a second membrane between the pericapillary lymph (which is really plasma) and the true lymphatic. It is important to note that the observed discrepancy in hematocrits occurs almost immediately (about 926 HOWE, SHEAFFER 20 sec) after a tracer is injected intravenously (4) . Thus, the distribution volume does not include the lymph in which labeled proteins appear much later.
The presence of excess plasma in some organs has been explained differently by others. Pappenheimer and Kinter (5) studied the hematocrit of the mammalian kidney and proposed a theory to account for the excess plasma in the organ. They propose that incoming plasma and cells are separated progressively by plasma skimming, and that cell-rich blood passes through a short circulation while the plasma passes through a long circulation through the capillary network; that is, cells pass through the organ more rapidly than does plasma. The suggestion is that the cells and plasma move at comparable velocities, but over different distances.
The Pappenheimer-Kinter theory says that the excess plasma in the organ is explainable only in terms of the aggregate of flows from all the vessels of the organ. But the theory suffers from the fact that plasma skimming is actually random rather than systematic, as required by the model. On the other hand, the Sapirstein viewpoint carried to its limit would be that the excess plasma in the organ is explainable in terms of the flow in any single capillary; the capillaries in a bed have a common hematocrit-that of the organ. In the first theory, plasma skimming plays a dominant role; in the second, its effect on organ hematocrit is small.
In a recent paper, Goresky (6) describes an extravascular space in the liver-a space accessible to plasma, but inaccessible to red cells. Unlike the present analysis, Goresky assumes that the extravascular plasma is stationary, while that within the capillary moves with the same velocity as the cells (i.e., there is no plasma "streaming"). Although he views his result as confirming the latter assumption, there is the possibility that flow in the extravascular space would tend to raise the average plasma velocity to that of the cells and thus conceal plasma streaming.
In this paper, we shall examine the Figure 1 . The radius of erythrocytes is designated by ( 4.0 /x), the (as yet) unknown radius of the capillary is r 2 , and the (as yet) unknown distance between the center of the capillary and the wall of the true lymphatic is f H (all symbols are defined in the table above).
The mathematical details of the hydrodynamic analysis of the blood flow through this capillary model are presented elsewhere (7), along with an evaluation of the model. Briefly, Capillary model.
the principles of momentum and mass conservation set forth in any standard work (8) on hydrodynamics are used. Solutions of the momentum equation yield expressions for the velocity profiles (shown schematically on the right in Figure 1 ) across the capillary and the annulus, or pericapillary space. These profiles are used in mass conservation expressions written in terms of the large vessel hematocrit, h m , the organ hematocrit, h c , and the fraction of the cell train that is actually cells, k. 1 The result is a fourth degree expression relating these quantities to r 2 (the capillary radius normalized with respect to cell radius, ?i). Thus, our results and conclusions will be obtained by studying the roots of the following relatively simple algebraic expression: nated a, b, and c in Figure 2 . The first of these has no pericapillary plasma (r 2 = r 3 ). The other two roots, b and c, do have pericapillary plasma (r^ < r 3 ) and form a pair of roots with a common value of k/h m . We will refer to root b as lying on the upper branch and root c on the lower branch of the root with pericapillary plasma. Figure 2 shows a family of such roots with pericapillary plasma (each root characterized by a given k/h m ). Now let us examine separately roots without and with pericapillary plasma.
Roots without Plasma outside the Capillary
Unlike the roots with plasma outside the capillary, this root (upper curve, Fig. 2) is not characterized by a single value of ( 
1)

Results
CAPILLARY RADII, HEMATOCRITS, AND ASSOCIATED QUANTITIES
Numerical solutions of equation 1 show that for a given r 3 or k/h c (since r 3 = y k/h c .) there are typically three kinds of roots, desigInstead, there is a different value of k/h m for every point along the root. The relationship between k/h c and k/h m for this root is readily found to be (7)
l For a full train of cells butted together end to end, k = 1. Otherwise some fraction (1 -k) of the cells of a full train is missing and is replaced by plasma.
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If the large vessel hematocrit is 0.4, the maximum value that k/h c can have is 4, and Figure 2 shows that the maximum radius of 
FIGURE 2
Roots of equation 1. the capillary is twice the radius of the erythrocyte. At this maximum k/h c , it is clear that the capillary hematocrit must not be more than 0.25. At values of k/ h c less than the maximum, k will be less than 1, and h c will be greater than 0.25 (with h m still 0.4) as shown in Figure 3 . Note in Figure 3 that the maximum value of h c /h m is 1. By use of equation 2 rewritten as and the fact that k/h c > 1, it is easy to see that, generally, a vascular bed hematocrit larger than the large blood vessel hematocrit cannot be reconciled by use of a capillary that does not have an active flow of excess plasma outside the capillary. However, we shall see subsequently that a portion of each root with extra plasma outside the capillary does allow the capillary hematocrit to exceed that of the large vessels.
Roots with Plasma Outside the Capillary
For a given k/hm, there are two branches of these roots. The upper branch corresponds to large capillary radii (r 2 ) relative to those of the lower branch, as can be seen in Figure 2 . Roots are shown for values of k/h m between 2.5 and 1.25. These values cover a range of practical interest. For example, if the large vessel hematocrit is 0.4, k/h m = 2.5 means that k = 1, which corresponds to a full train of cells moving along the capillary axis; fc//i m = 1.25 means that fc=l/2, which corresponds to every other cell in the train being missing and its space filled with plasma.
For a given k/h m , Figure 2 shows a maxi- 
FIGURE 4
Maxima in k/h c /or capillary with pericapillanj plas mum allowable value of k/h c for these roots. The maxima, presented graphically in Figure  4 , relate importantly to the question of the existence of the annulus of plasma about the capillary as follows. The maximum allowable value of k/h c at a given value of k/h m means that there is a minimum value of hjh m :
shown graphically by the lower curve in Figure which is shown by the upper curve in Figure  5 . Here we have an interesting result. Without the annulus of plasma outside the capillary, the lowest possible value of hjh m is 0.5. If h m = 0A (a typical value for humans), the minimum possible ratio is raised to 0.625. Sapirstein (3) lists values of the ratio as low as 0.44 and 0.46 for the liver and kidney of the rat, and Pappenheimer and Kinter (5) list 0.35 for the kidney of the dog. Such low ratios (actually as low as 0.27) can be reconciled (as shown in Figure 5 ) on the basis of a single capillary only if the annulus of plasma exists outside. Note that this result has riot been influenced significantly by the approximations of the model analyzed; that is, the minimum hjh m for a given h m occurs when k -1 (which is easily deduced from Figure  5 and is seen in Figure 3 ). This corresponds to a full train of cells, which is our model at its best (7). We turn attention now to the problem of vascular hematocrits larger than those of large blood vessels (plasma deficit in the organ). Although the annulus of plasma was offered as the explanation for the surplus of plasma, it surprisingly allows a deficit under the following conditions. It is easy to see in Figure 2 that any root for which hjh m > 1 must lie below the line h c /h m =l at the bottom of the figure. For k/h m < 2.5, the root corresponds to a capillary whose radius is, at most, 5% larger than the red cell radius; r% is at most 60% larger than the cell radius. A mechanism for the plasma deficit in the organ relative to the large blood vessels is at once apparent from the dynamics. That is, the pressure gradient will drive plasma along the wide annulus between the capillary wall and the wall of the lymphatic at a higher velocity than it can drive cells along inside the capillary because the close clearance between the cell and the capillary wall offers so much fluid resistance. Thus, the relative excess of plasma in the large blood vessel can be supplied by plasma that moves more rapidly through the space outside the capillary than the cells move along inside the vessel, which will subsequently be shown quantitatively (e.g., in the profile k/h c = 2 in Figure 8 ).
Heterogeneity of the Capillary Bed
A comparison of the two capillary models on the basis of a capillary bed leads to an interesting result. If there is no annulus of plasma, r 2 = r 9 and since k/h c =r 3 2 , equation 3 yields on the basis of flow in a single capillary, all the capillaries in the bed must have the same diameter and the same cell spacing, provided there is no annulus of plasma about the capillary. But experiments show that the sizes and the cell spacings differ among neighboring capillaries (9) .
However, a capillary bed with an annulus of plasma about the capillary has no such restriction, as illustrated by the light lines in Figure 2 . Each line is the locus of points that have a fixed h c /h m , or if h m is fixed, then h c is constant all along the line. The abscissa shows, however, that k/h c varies along the light line and thus k varies, and, of course, both r-> and r-A vary; that is, we can reconcile a capillary bed hematocrit, h c , to a large blood vessel hematocrit, h m , on the basis of the flow in a single capillary, and the sizes of the capillaries in the bed can all be different and can all carry different flows with different cell spacings. All such capillaries have the same hematocrit, h c . The annulus of plasma about the capillary is all that is needed to make this possible.
To this point, it has not been necessary to consider pressure gradients or cell speed quantitatively. Indeed, the results so far are independent of specific values for these quantities.
CELL SPEED AND PRESSURE GRADIENT
We may compare our theoretical results with existing experimental results to assess how reasonable the pericapillary plasma model is. Ideally, we should have simultaneous experimental measurements of cell speed and spacing, the pressure drop from one end of the capillary to the other, large blood vessel hematocrit, and the hematocrit of the vascular bed to compare item by item. However, the only simultaneous data we are aware of is that of the two hematocrits. Although capillary pressure drops or pressure gradients are mentioned in the literature (10-20), they are not associated with any k/h c , so we simply represent the values obtained from the references along the ordinate of Figure 6 .
2 The 2 Where pressure drops are cited in the literature, we have calculated pressure gradients by associating the pressure drops with capillaries 0.4 mm long (approximately 100 cell radii long).
PLASMA FLOW IN PERICAPILLARY SPACES
931
Upper limits on pressure gradient (Entire drcuk>t«y pressure drop otlributed to capillaries) Gradients cited in ref.
1.25
No pericopillory plasma cell velocity associated with the pressure drops in dogs was cited (12, 13) as 0.5 and 0.4 mm/sec (the former is derived from observations on capillaries in regions with a brisk blood flow), but was not mentioned elsewhere. However, Bard (12) noted that the average rate of flow in the systemic capillaries of the human body at rest is far below 0.5 mm/sec. Best and Taylor (11) presented a graph for pressure drop in human skin capillaries (p. 163) and listed a cell speed of 0.5 mm/sec for resting dogs (p. 176).
The theoretical pressure gradient, dp/dx, is calculated as a function of r 2 for a cell speed ii c -0A mm/sec by use of the relation as given in reference 7 dp _ 4/Z
and is plotted in Figure 6 . 3 (A similar plot for another cell speed could be obtained simply by shifting the ordinate scale, because 3 The symbols p, x, and A denote (respectively) pressure, axial distance from capillary entrance, and viscosity coefficient of plasma (1.9 cp).
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the pressure gradient is simply proportional to cell speed (equation 7). It is seen that the lowest pressure gradient for a given k/h c is associated with the root without pericapillary plasma, and that the upper branch of each root with the plasma annulus in Figure 2 has a lower pressure gradient than its lower branch.
A comparison of the pressure gradients cited in the literature with that corresponding to the root for no pericapillary plasma leads to the following argument. (12), organ hematocrits must be essentially the same as large blood vessel hematocrits unless there is a plasma annulus outside the capillary.
On the other hand, if we allow the annulus of flowing plasma, the minimum pressure gradient cited in the literature (4 X 10 4 (dynes/ cm 2 )/cm can be achieved by a whole range of cell spacings and hematocrits. .More importantly, the annulus allows many ratios of hc/hm, which are much lower than the 0.833 mentioned above. For example, if k/h m is 1.875, k/h c is 3.5 for that pressure gradient, for which the ratio hjh m is 0.536, a very agreeable number in the light of Sapirstein's data. This ratio is still not the minimum allowed at that pressure gradient (we estimate that the minimum for this case is about 0.5).
Thus, the result of comparing the theoretical result with existing pressure data favors the existence of the annulus of plasma outside the capillary.
The comparison can be restated more generally. That is, given one of the quantities *2> k/h c> and k/h m , the sleeveless capillary has no choice of the other two, but the capillary with an extra sleeve of plasma can have any number of combinations of the other two. If, in addition, either u c or dp/dx is specified, the sleeveless capillary has no choice of the other one, but the capillary with the extra sleeve of plasma can have a range of values of the other. Thus, capillaries with an annulus of plasma outside them can accommodate blood flows over a much wider range of conditions than sleeveless capillaries can accommodate. This argues in favor of the existence of plasma in the pericapillary lymph space.
BLOOD VELOCITY PROFILES
The velocity profiles across the capillary, normalized with respect to cell velocity, are shown in Figures • 7, 8 , and 9, which correspond to the three roots, r^, of equation 1 shown in Figure 2 . Velocity profiles for the root without pericapillary plasma (r 2 = r- 6 ) are shown in Figure 7 .
The velocity profiles corresponding to the Velocity profiles; no pericapillary plasma. lower branch of the roots in Figure 2 with pericapillary plasma are shown in Figure 8 for k/h m = 2.5. A typical overall profile is shown by the heavy line (and may be compared with the schematic profile of Figure 1 ). It can be demonstrated (7) that the profile within the capillary (r/?i < 1.2 here) is a Poiseuille parabola truncated by the uniform cell speed, while the profile in the annulus (r/ ?i > 1.2) is both parabolic and logarithmic.
The profile for k/h c = 2 in Figure 8 is of special interest in that it corresponds to a larger capillary hematocrit than that for the large blood vessel (by a factor of 1.25). The maximum plasma velocity for that case occurs in the annulus outside the capillary and is almost twice the cell velocity. For h c /h m = 1.5, the corresponding maximum plasma speed would be about 3.5 times that of the cell speed. In such a capillary, the difference between the transit times of labeled plasma and labeled cells could quite likely be observed experimentally.
The velocity profiles corresponding to the upper branch of the roots in Figure 2 with pericapillary plasma are shown in Figure 9 for k/h m = 2.5. The profile for k/h c = 6.92 corresponds to the maximum value of k/h c for k/h m = 2.5 (as can be seen from Figure  2 ). Thus, this profile pertains to both the upper and lower root and could have appeared in Figure 8 .
A particularly interesting feature of the upper branch roots is that the velocity of the plasma in the annulus can be very small. For example, the profile for klh c -5 in Figure 9 (which corresponds to a ratio of hematocrits K/h m -0.5) shows a maximum velocity in the pericapillary plasma of roughly 1% of the red cell velocity. This suggests an explanation for an observed experimental phenomenonthat substances apparently diffuse out of capillaries and then promptly return (21). Sapirstein et al. (22) concluded from observations of disappearance curves of thiocyanate that it appeared to move out of capillaries in the first few seconds after entry and then back into them 60 to 80 seconds later. But from the above discussion of Figure 9 , the Circulation Research, Vol. XXI, December 1967 portion of plasma that entered the annulus at the capillary entrance would appear at the exit after just such a delay because of the low velocity along the annulus.
